Abstract: Nanoforms of the antimicrobial drug substance 2,3-bis-(hydroxymethyl) quinoxaline-N,Ndioxide with particles sizes between 50 and 300 nm were obtained by cryochemical modification of the initial pharmaceutical substance using a freeze-drying technique and were characterized by different physicochemical methods (FTIR, UV-Vis, 1 H-NMR, DSC, TG and X-ray diffraction) and transmission electron microscopy (TEM). The data obtained from FTIR-and UV-Vis-spectroscopy confirmed the unaltered chemical structure of dioxidine molecules due to the cryochemical modification method. At the same time, X-ray diffraction and thermal analysis data show the change of the crystal structure compared to the parameters of the initial pharmaceutical dioxidine substance. A higher dissolution rate was revealed for cryomodified dioxidine nanoforms. The existence of three polymorphic crystal phases was established for cryomodified dioxidine samples possessed by some thermal activation processes: two anhydrous polymorphic phases, triclinic (T) and monoclinic (M), and one hydrated form (H).
Introduction
Development of a new commercial medicine is time-consuming and expensive, and the majority of costs are caused by pre-clinical and clinical research. Health safety of a new drug is one of the top priorities, implying the need for investigation of toxicity, optimal and maximal doses, and side effects that would manifest over decades and even generations. In that respect, obtaining new medications from effectiveness-proven components can reduce the research costs compared to investments into the development of novel drugs from scratch. The techniques of such drug renovation include combination of active pharmaceutical ingredients (API) from different medicines, reduction of ingredient particle size [1] [2] [3] [4] [5] [6] , amorphisation [7] [8] [9] [10] , co-crystal formation [1, 11, 12] , self-emulsification [13] , pH-modification [14] and complexation [15] .
Particle diminution (micronization, nanonization or nanocrystallization) is a powerful approach that can increase the dissolution rate and saturation solubility, subsequently improving the bioavailability of drugs. It may also enhance the skin penetration ability of drugs and decrease systemic side effects [2, 5] . Drug nanocrystals can be used for carrier-free colloidal drug delivery systems. According to the definition [2] , the drug nanocrystals can be considered as species containing 100% drug substance with particle sizes ranging from 50 to 1000 nm. A stabilizing agent could be located only on their surface. Nanocrystals of drugs can be created by "top-down" or "bottom-up" approaches, or combinations of the two [5, 16] . The "top-down" route refers to the breaking down of larger particles by milling or homogenization, while the "bottom-up" processes imply assembling and controlling of precipitations at nanometer scale. Currently, a number of nanosized dosage forms are presented in the pharmaceutical market. Rapamune®(Sirolimus), Emend®(Aprepitant), Tricor®(Fenofibrate), Megace ES®(Megestrol acetate), Avinza®(Morphine sulfate), Focalin®XR (Dexmethyl-phenidate HCl), Ritalin®LA (Methylphenidate HCl), Zanaflex Capsules™ (Tizanidine HCl) are being obtained using "top-down" technique-wet milling, whereas Triglide®(Fenofibrate) is being produced by the "bottom-up" high-pressure homogenization method [2, 5] .
Many API solids can exist in more than one crystalline phase-polymorphs. They may form solvates-crystal forms including solvents. If the solvent is water, such forms are called hydrates. APIs can also be amorphous and not possess a distinguishable lattice. All these forms have the same chemical composition, but different solid-state structure, and therefore they may exhibit different physical properties (compatibility, apparent solubility, dissolution rate), solid state chemistry (reactivity), stability and bioavailability.
In order to produce new crystal forms, some special experimental techniques can be used, such as re-crystallization from a single or mixed solvents [8, 17, 18] using supercritical fluids [19, 20] , cryochemical sublimation of frozen solutions (freeze drying technique) [21] [22] [23] [24] , thermal activation of the solid substrates [9] , crystallization from the melt [9] , condensation from gas phase using inert gas carrier on the cooled supports [25, 26] . It was shown recently that cryochemical treatment can be used in order to obtain new nanoforms of some pharmaceutical substances with nanosized particles and modified crystal structure [22, 24, 25, [27] [28] [29] .
The aim of this work is to develop cryochemical modification methods and to produce new cryochemical forms of drug substance dioxidine, 2,3-bis-(hydroxymethyl)-quinoxaline-N,N -dioxide, possessing nanosized particles and modified crystal structure and high dissolution rate in comparison to the initial pharmaceutical substance. Dioxidine is well known antimicrobial substance used for therapy treatment of superlative infections due to inhibition of growth of many of gram-positive and gram-negative bacteria [30, 31] . The therapeutic effect of this substance is based on the termination of DNA biosynthesis of microbial cells due to the deep disturbance of its nucleotide structure even by presence of sub-inhibiting concentrations.
Materials and Methods

Materials
Dioxidine substance produced by Mir-Pharma (Moscow, Russia) (98.9%) was used without further purification.
Samples Preparation
Cryomodified dioxidine: 4% dioxidine aqueous solution was heated to 50 • C, injected through a pneumatic nozzle into liquid nitrogen and freeze dried for 24 h. In order to obtain and solve the structure of pure crystal forms we carried out thermal treatment of cryomodified dioxidine substance by three different procedures. where T-anhydrous triclinic crystal polymorph phase, M-anhydrous monoclinic crystal polymorph phase, H-hydrated crystal form.
Characterization Techniques
UV-visible
UV-visible absorption double beam spectrophotometer "Jasco V-770" (JASCO Corporation, Tokyo, Japan) in the range of 300-600 nm at room temperature was used to scrutinize the spectra of different forms of dioxidine in aqueous solutions and for spectrophotometric determination of dioxidine concentrations.
1 H-NMR
Determination of the chemical shifts of the initial and cryochemically modified substances were held in the saturated solutions in D 2 O using high resolution NMR-spectrometer of VXR-400 "VARIAN" (VARIAN Inc. Agielent Technologies, Santa Clara, CA, USA).
FTIR Spectra
FTIR spectra of samples were recorded in KBr discs between 4000 and 400 cm −1 using spectrometer Bruker Tensor II (Bruker GmbH, Mannheim, Germany).
Thermoanalytical Investigations
Thermoanalytical investigations (thermogravimetry-TG and differential scanning calorimetry-DSC) were performed on Thermoanalyzer STA 449 C Jupiter, NETZSCH (NETZSCH GmbH, Selb Germany), using argon flow and samples heating rate of 10 K/min.
Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were recorded using microscope LEO 912 AB Omega ZEISS (ZEISS, Oberkochen, Germany) with electrons accelerating voltage 100-200 kV.
BET-surface Area Measurements
The BET surface area (S) of samples was defined using the surface analyzer assembled on the basis of gas-chromatograph Chrom 5. Average dioxidine particle diameters (d) of the samples were calculated as d = 6/ S, where is a density of dioxidine substance.
2.3.7. X-ray Powder Diffraction X-ray powder diffraction measurements were carried out at 250 K at beam line ID22 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The instrument is equipped with a cryogenically cooled, double-crystal Si 111 monochromator and Si 111 analyzers. The powder was loaded into a 1-mm-diameter borosilicate thin-walled glass capillary, which was rotated during measurements at a rate of 1200 rpm to improve the powder averaging. Calibration of the instrument and refinement of the X-ray wavelength (= 0.399996(3) Å) were performed via NIST silicon standard 640c (see Table 1 for data collection details). 
Indexing
Unit-cell dimensions were determined using three indexing programs: TREOR90 [32] , ITO [33] , and AUTOX [34, 35] . Indexing of M was possible after removing the peaks of T and H forms from the three-phases pattern of the sample 2. Space groups for all phases were assigned taking into account the systematic extinctions. The unit-cell parameters and space groups were tested further with the use of the Pawley fit [36] and confirmed by crystal structure solution.
Structure Determination
All crystal structures were solved with the use of simulated annealing technique [37] . For T and H, the low-angle part of powder pattern was used in simulated annealing runs, while for M, the search for the solution was based on the set of 150 low-angle Xobs values [38] extracted from three-phase powder pattern after a Pawley fit with the program MRIA [39] . The model of dioxidine molecule used in a direct space search without H atoms was taken from the literature [40] .
Structure Refinement
The solutions were refined with the program MRIA via a multi-phase bond-restrained Rietveld approach in the same way as was reported earlier [27, 41] . In the refinements, anisotropic line broadening [42] and preferred orientation approximated with a symmetrized harmonics expansion up to the fourth order [43, 44] were taken into account. All non-H atoms were refined isotropically; H atoms were positioned geometrically (C-H 0.93-0.97 Å; O-H 0.82-0.85 Å) and refined as riding.
The crystal structure H was solved and initially refined as anhydrous form ignoring the peaks of minor additional phase M (<25%). The preliminary refined structural model of H and final model of T were fixed and used in three-phase refinement of powder pattern 2, containing M in 30%, Has a minor phase (<10%) and T as a main crystalline phase (>60%). Thus, a final structural model of M was obtained, fixed and then used in the two-phase Rietveld refinement of powder pattern 1, containing H as a main crystalline phase. After several cycles of refinement, the positive residual peak with the height of 1.7 e Å −3 was observed far from the three independent molecules. It was assigned to the oxygen atom from the water molecule and freely refined.
Determination of Dissolution Rate of Dioxidine Forms
Dioxidine samples (0.19 g) were placed into a flask with 20 mL of distilled water located on the activated magnetic stirrer with a stirring speed of 100 rpm at 25 • C. Solution samples with a volume of 0.1 mL were removed from the flask at defined intervals of time. Then the samples were diluted with distilled water by 20 times and then used for spectrophotometric determination of dioxidine concentration in the solution.
Results and Discussion
Physicochemical Characterization of Cryomodified Dioxidine
The H-NMR spectra [1] The UV spectra of all forms of dioxidine aqueous solutions were identical and contained a high-intensity absorption band at 250 nm (doublet 241 and 259 nm) related to π→π* electron transition of the aromatic system and a low-intensity band at 375 nm related to n→π* electron transition of n-electrons of the nitrogen related to dioxidine molecule.
In FTIR-spectra of the cryomodified dioxidine samples the vibrations of quinoxaline ring appear at 1510 cm −1 , the vibrations of C-H of benzene ring appear at 975, 113cm −1 , and the band of vibrations of C-O-H is indicated at 1288 cm −1 ( Figure S1 ). While in the case of original dioxidine, the vibrations of the quinoxaline ring appear at 1506 cm −1 , and the vibrational bands of the C-H bonds of aromatic ring are manifested by the peak at 971 cm −1 and doublet at 1117 and 1113 cm −1 , the vibration band of the C-O-H is also doublet at 1280 and 1288 cm −1 ( Figure S1 ). These data show the differences in dioxidine molecular conformations for the initial and cryomodified forms and combined with the results of UV-vis-spectroscopy confirmed the unchanged chemical structure of dioxidine molecules by cryochemical modification.
At the same time, X-ray diffraction data show the difference between the initial pharmaceutical dioxidine substance (d (Å)-I, (%): 8.638-100.0%; 7.508-68.4%; 3.299-24.8%; 2.242-16.8%;) and the cryomodified form (d (Å)-I, (%): 8.740-100.0%; 8.026-94.2%; 3.358-99.3%; 3.304-67.6%;).
Thermal analysis curves (TG and DSC) also confirmed the difference of physico-chemical behavior of the initial and cryomodified forms (Figure 1 ). For the initial dioxidine form the loss of physically adsorbed water is 0.83%, melting occurs at (175.5 ± 0.5 • C) with thermal an endothermic effect (99.8 ± 0,4) J/g, and thermal degradation proceeds at (199.2 ± 0.5) • C with an exothermic thermal effect (1135 ± 4) J/g and a mass loss 51,48%. For the cryomodified dioxidine form the loss of adsorbed water is 1.05%, melting occurs at (173.9 ± 0.5) • C with an endothermic effect (75.4 ± 0.4) J/g, and thermal degradation proceeds at (193.6 ± 0.5) • C with an exothermic effect of (1472 ± 4) J/g and a mass change of 31.74%. Cryochemical treatment led to the micronisation of the dioxidine substance and the formation of nanosized particles. By low-temperature argon adsorption, the value of specific surface area was determined, and average particle size was calculated for the initial (S = 0.7 m 2 /g, d = 5700 nm) and cryomodified dioxidine (21.3 m 2 /g and 190 nm). The similar data on cryomodified and initial dioxidine particles size were obtained by TEM (Figure 2 ). It was shown from the analysis of several micrographs that the particle size of the cryomodified dioxidine form is equal to 50-300 nm (average particle size 170 nm) and the particle size of the initial dioxidine form is equal to 150-18,000 nm (average particle size d = 5500 nm). Cryochemical treatment led to the micronisation of the dioxidine substance and the formation of nanosized particles. By low-temperature argon adsorption, the value of specific surface area was determined, and average particle size was calculated for the initial (S = 0.7 m 2 /g, d = 5700 nm) and cryomodified dioxidine (21.3 m 2 /g and 190 nm). The similar data on cryomodified and initial dioxidine particles size were obtained by TEM (Figure 2 ). It was shown from the analysis of several micrographs that the particle size of the cryomodified dioxidine form is equal to 50-300 nm (average particle size 170 nm) and the particle size of the initial dioxidine form is equal to 150-18,000 nm (average particle size d = 5500 nm). Dissolution curves of the initial and cryomodified dioxidine forms are presented in Figure 3 . While the cryomodified dioxidine completely dissolves in water after 5 s, reaching maximal concentration of 470 mg/mL at 25 °C, it takes more than 50 s for the initial dioxidine form to be fully dissolved. A higher dissolution rate for the cryomodified dioxidine is possibly due to the smaller size of its particles and to the larger value of its specific surface area compared to the original dioxidine. Also, different dissolution rates of two dioxidine forms can be related to differences in their crystal structure. 
Crystal Structures
Crystal data, data collection, and refinement parameters for crystalline phases T, M and H are shown in Table 1 . Rietveld plots after the final refinements for powder patterns 1-3 are shown in Figures 4-6 , respectively. Figure 7 shows powder pattern 2 and difference plot, calculated taking into account the contribution of two phases only-H and T, to demonstrate significant diffraction peaks from the third phase M. Dissolution curves of the initial and cryomodified dioxidine forms are presented in Figure 3 . While the cryomodified dioxidine completely dissolves in water after 5 s, reaching maximal concentration of 470 mg/mL at 25 • C, it takes more than 50 s for the initial dioxidine form to be fully dissolved. A higher dissolution rate for the cryomodified dioxidine is possibly due to the smaller size of its particles and to the larger value of its specific surface area compared to the original dioxidine. Also, different dissolution rates of two dioxidine forms can be related to differences in their crystal structure. Dissolution curves of the initial and cryomodified dioxidine forms are presented in Figure 3 . While the cryomodified dioxidine completely dissolves in water after 5 s, reaching maximal concentration of 470 mg/mL at 25 °C, it takes more than 50 s for the initial dioxidine form to be fully dissolved. A higher dissolution rate for the cryomodified dioxidine is possibly due to the smaller size of its particles and to the larger value of its specific surface area compared to the original dioxidine. Also, different dissolution rates of two dioxidine forms can be related to differences in their crystal structure. The molecule of 2,3-bis(Hydroxymethyl)-quinoxaline-1,4-di-N-oxide (dioxidine) possesses only two internal degrees of freedom, so its conformations in various crystalline phases may differ in torsion angles N-C-C-O(H) only. In anhydrous polymorphs T and M, the asymmetric unit contains only one independent molecule, and conformations of these molecules are different ( Figure 8 , prepared with PLATON [45] ). The asymmetric unit of the hydrated crystalline phase H contains three independent dioxidine molecules with different conformations and one water molecule ( Figure 9 ). The molecule of 2,3-bis(Hydroxymethyl)-quinoxaline-1,4-di-N-oxide (dioxidine) possesses only two internal degrees of freedom, so its conformations in various crystalline phases may differ in torsion angles N-C-C-O(H) only. In anhydrous polymorphs T and M, the asymmetric unit contains only one independent molecule, and conformations of these molecules are different ( Figure 8 , prepared with PLATON [45] ). The asymmetric unit of the hydrated crystalline phase H contains three independent dioxidine molecules with different conformations and one water molecule ( Figure 9 ). The dioxidine molecule has two hydroxy-groups, which can serve both as donors and acceptors in hydrogen-bonding, and four oxygen atoms can be considered as acceptors. Thus, one can expect various hydrogen-bonding networks, which can consolidate the crystal packing of the dioxidine molecules. In T, classical intermolecular O-H···O hydrogen bonds (Table 2) (Table 2 ) held these chains together in the crystal. Table 2 . Hydrogen-bonding geometry (Å , degrees) in T, M and H crystalline phases. The dioxidine molecule has two hydroxy-groups, which can serve both as donors and acceptors in hydrogen-bonding, and four oxygen atoms can be considered as acceptors. Thus, one can expect various hydrogen-bonding networks, which can consolidate the crystal packing of the dioxidine molecules. In T, classical intermolecular O-H···O hydrogen bonds (Table 2) (Table 2 ) held these chains together in the crystal. Table 2 . Hydrogen-bonding geometry (Å , degrees) in T, M and H crystalline phases. The dioxidine molecule has two hydroxy-groups, which can serve both as donors and acceptors in hydrogen-bonding, and four oxygen atoms can be considered as acceptors. Thus, one can expect various hydrogen-bonding networks, which can consolidate the crystal packing of the dioxidine molecules. In T, classical intermolecular O-H···O hydrogen bonds (Table 2) (Table 2) held these chains together in the crystal. Classical intermolecular O−H···O hydrogen bonds in M (Table 2 ) link the molecules into centrosymetric dimers, which are further linked into chains running along axis a (Figure 11 ). These hydrogen-bonded chains in M are distinct from those in T. One hydroxy group in T (O14-H14) serves not only as a donor of hydrogen bond but as its acceptor too. And, one of two N-oxide oxygen atoms (O12) is not involved in classical O−H···O hydrogen-bonding. These considerations led to the conclusion that phase T should be more stable than M, i.e., phase M is metastable one. Weak intermolecular C-H···O interactions in M (Table 2) , like in T, consolidate further the crystal packing ( Figure 11 ). Classical intermolecular O−H···O hydrogen bonds in M (Table 2 ) link the molecules into centrosymetric dimers, which are further linked into chains running along axis a (Figure 11 ). These hydrogen-bonded chains in M are distinct from those in T. One hydroxy group in T (O14-H14) serves not only as a donor of hydrogen bond but as its acceptor too. And, one of two N-oxide oxygen atoms (O12) is not involved in classical O−H···O hydrogen-bonding. These considerations led to the conclusion that phase T should be more stable than M, i.e., phase M is metastable one. Weak intermolecular C-H···O interactions in M (Table 2) , like in T, consolidate further the crystal packing ( Figure 11 ). Classical intermolecular O−H···O hydrogen bonds in H (Table 2 ) link dioxidine molecules and crystalline water molecules directly into three-dimensional networks, so numerous weak C−H···O interactions (Table 2 ) in H can be considered forced. Interestingly, some of the independent dioxidine molecules in H have the same peculiarities aforementioned in M, namely, one hydroxy group serves as a donor and an acceptor of hydrogen bonds, and one N-oxide oxygen is not involved in classical O−H···O hydrogen-bonding.
D-H· · · A D-H H· · · A D· · · A ∠O-H·
The established crystal structures of H, M and T-forms allow us to estimate phase content of source samples of dioxidine. So multi-phase Rietveld refinement of powder pattern of commercial sample (see Figure S2 ) has shown that it contains two crystalline phases H and M in a ratio of 1:5. Powder pattern of the cryomodified sample ( Figure S3 ) indicates that it contains mainly amorphous phase, some amount of H-phase and trace amount of M-phase.
Conclusions
The improvement of medical therapeutic effects of known medications by obtaining nanoforms possessing nanosized particle and the modification of their crystal structure without changing of the chemical nature is one of the most important problems in modern nanomedicine and physicochemical pharmacy. The developed approaches allowed enhance biomedical efficiency of many drugs along with the reduction of unwanted side effects due to lowering of the required therapeutic doses and decreasing of their toxicity.
The method developed by the authors in this article employed the capabilities of cryochemical modification of solid organic compounds, which allowed us to convert the drug substances into nanoforms, and modify their crystal packing without changing their chemical structure under the conditions far from equilibrium. In most cases, amorphous or metastable crystal forms were obtained by this approach, which are kinetically frozen in the solid state and can exist for a long time. The bioavailability of the thus prepared nanoforms of drug substances are usually higher due to the higher dissolution rates and due to the ability of the nanosized particles to be transported by the bloodstream, to overcome the skin barriers and high permeability of cell membranes by nanosized particles.
In this work we have succeeded to produce cryochemically modified nanoforms of antimicribial drug substance 2,3-bis-(hydroxymethyl)quinoxaline-N,N'-dioxide (dioxidine) with particles size varied from 50 till 300 nm. The cryomodified samples were characterized by different physicochemical methods (FTIR, UV-Vis, 1 H-NMR, DSC, TG, BET-chromatography and X-ray diffraction) and transmission electron microscopy (TEM). We established the identity of the chemical nature of the dioxidine drug substance. We have shown the modification of crystal structure of Classical intermolecular O−H···O hydrogen bonds in H (Table 2 ) link dioxidine molecules and crystalline water molecules directly into three-dimensional networks, so numerous weak C−H···O interactions (Table 2 ) in H can be considered forced. Interestingly, some of the independent dioxidine molecules in H have the same peculiarities aforementioned in M, namely, one hydroxy group serves as a donor and an acceptor of hydrogen bonds, and one N-oxide oxygen is not involved in classical O−H···O hydrogen-bonding.
In this work we have succeeded to produce cryochemically modified nanoforms of antimicribial drug substance 2,3-bis-(hydroxymethyl)quinoxaline-N,N -dioxide (dioxidine) with particles size varied from 50 till 300 nm. The cryomodified samples were characterized by different physicochemical methods (FTIR, UV-Vis, 1 H-NMR, DSC, TG, BET-chromatography and X-ray diffraction) and transmission electron microscopy (TEM). We established the identity of the chemical nature of the dioxidine drug substance. We have shown the modification of crystal structure of dioxidine cryoforms. The formation of three polymorph crystal forms was revealed for cryomodified dioxidine samples possessed by some thermal activation processes-two anhydrous polymorphs: triclinic (T), monoclinic (M), and hydrated form (H).
The extending of the number of antibiotic drug substances in the experiments on cryochemical modification and detailed study of their biomedical efficiency and bioavailability are in our future plans.
Patents
There is patent [29] resulting from the work reported in this manuscript. Figure S1 . FTIR spectra of the samples were recorded in KBr discs between 4000 cm −1 and 400 cm −1 using spectrometer Bruker Tensor II (Germany). The FTIR spectra of the cryomodified (C) and commercial source (S) samples of dioxidine are presented in Figure S1 . Figure S2 , X-ray powder patterns of the commercial source (S) sample was measured on a Guinier-Huber camera in a transmission mode, CuK 1 -radiation. Figure S3 , X-ray powder pattern of the just after cryomodification (C) sample was measured on a Guinier-Huber camera in a transmission mode, CuK 1 -radiation. 
